The modular structure of many protein families, such as β-propeller proteins, strongly implies that duplication played an important role in their evolution, leading to highly symmetrical intermediate forms.
I
t is generally accepted that evolution is driven by duplications of genetic material. These events allow gene copies to develop independent regulation (1) and to express new proteins that inherit the stable architecture of the parent protein but possess a novel function (2, 3) . Although this process largely explains the diversity of proteins with similar folds, it cannot account for the appearance of new protein folds. However, many proteins have a modular internal structure that most probably arose from duplication and fusion of structural elements. This type of process is most clearly demonstrated by proteins consisting of conserved domains repeated in tandem, giving a highly symmetrical tertiary structure (4, 5) . Although symmetry remains a common feature of proteins (6) , many present-day proteins show more limited symmetry than that of the ancestral intermediate forms suggested by the duplication theory of evolution (7) (8) (9) . Since the group of Wilmanns demonstrated that a (β/α) 8 −barrel protein could be constructed out of two identical halves in 2000 (10) , several other groups have also reported the artificial construction of symmetrical or modular proteins, providing evidence for duplication and fusion events in nature (11) (12) (13) (14) (15) . In the case of β-trefoil proteins, a design procedure based on Rosetta proved much more efficient than directed evolution methods at producing a symmetrical structure (15) . Structural plasticity and domain swapping (16, 17) allow such extended proteins to adopt novel tertiary and quaternary structures (18) , but to date there is no report of a perfectly symmetrical β-propeller protein.
β-propeller proteins are composed of different numbers of repeats, each made from a single β-sheet, roughly 40 residues in length, that resembles the blade of a propeller (19, 20) . β-propeller proteins are good examples of how proteins may have evolved from duplication and fusion events of simple peptide motifs (21) . Examples are known of 4-, 5-, 6-, 7-, 8-, and 10-bladed proteins. These proteins have diverse functions, including varied enzymatic activities and protein-protein interactions, making them a highly interesting class to redesign both for synthetic biochemistry and as nano-building blocks. Previous attempts to create stable perfectly symmetrical β-propeller proteins have failed. Yadid and Tawfik (3, 22) screened genetic libraries encoding about 100 amino acid residues from a 236-residue five-bladed propeller (tachylectin-2) in attempts to create a fivefold symmetrical propeller. The initial proteins produced were poorly stable, but subsequent directed evolution to improve expression and folding led to domain-swapped structures through strand exchange (18) . An artificial WD40-based repeat protein was designed by Nikkhah et al. using computational methods, but this protein failed to fold and adopted a molten globule state (23) . Similarly, Figueroa et al. have recently described a putative artificial TIM barrel structure called "octarellin VI," but this protein proved to be poorly soluble, and NMR indicated that it is not stably folded (24) . It is widely believed that proteins with a perfectly repeated sequence motif experience "folding frustration," the absence of a single strongly preferred tertiary structure, leading to unstable folds (11, 25) . In fact, a search for identical sequence repeats within the same polypeptide chain failed to find any duplicated domains containing regular secondary structure in known natural proteins (26) .
Significance
In this study, we have designed and experimentally validated, to our knowledge, the first perfectly symmetrical β-propeller protein. Our results provide insight not only into protein evolution through duplication events, but also into methods for creating designer proteins that self-assemble according to simple arithmetical rules. Such proteins may have very wide uses in bionanotechnology. Furthermore our design approach is both rapid and applicable to many different protein templates. Our novel propeller protein consists of six identical domains known as "blades." Using a variety of biophysical techniques, we show it to be highly stable and report several high-resolution crystal structures of different forms of the protein. Domain swapping allows us to generate related oligomeric forms with fixed numbers of blades per complex.
We have applied a novel computational approach to the problem of creating a stable, perfectly symmetrical propeller by reverse engineering the supposed evolutionary pathway. Specifically, we wanted to address the question whether we can construct from a nonsymmetrical protein a symmetrical one that could have originated from smaller protein fragments. Ancestral sequence reconstruction was used to derive likely parent sequences assuming evolution through duplication, and then these sequences were computationally evaluated for protein stability (Fig. S1 ). We chose a six-bladed protein, given its additional two-and threefold pseudosymmetry. To agree with the duplication and fusion theory, such a protein should be divisible into a self-assembling unit consisting of 2 or 3 domains. Additionally, we created polypeptides carrying up to 10 identical blades and showed that these molecules also fold to give stable structures.
Results
One hundred seventy-four models of six-bladed β-propellers were identified in the PDB and examined by eye for suitability as templates for protein design. The NHL repeat structure PDB entry 1RWL (27) , the sensor domain of a protein kinase from Mycobacterium tuberculosis, was found to be the most visually appealing due to the apparent symmetry of the Cα trace and was selected on this basis alone. In common with almost all β-propeller proteins, this structure shows a so-called "Velcro" strap, the last β-strand completing the first domain ( Fig. S2) (19) . The sequences of the blades were considered as separate genes, aligned and used for ancestral sequence reconstruction of the parent blade ( Fig. 1 A and B) (28) . Three out of the six blades have an identical number of amino acids per blade, and insertions or deletions with respect to these blades were not allowed. Sequence comparison indicated that likely ancestral sequences are most closely related to the third blade of the template protein, residues 107-148, and so this blade was used to construct a symmetrical template with the help of RosettaDock (29) . The glycine residues G106 and G148, which sandwich blade 3, were not included, in the expectation that these missing residues would be compensated by N-to C-terminal salt bridges between neighboring subunits. The best scoring sixfold symmetrical structure after the docking step did indeed show these bonds ( Fig. 1 C and D) . The six chains were fused into a single polypeptide by reintroducing the glycine residues, and these putative ancestral sequences were mapped onto the protein structure using a Rosetta-based algorithm (Fig. 1E) . Our procedure was similar to that used by Broom et al. (15) to create a symmetrical β-trefoil protein. However, contrary to their approach using many known protein sequences from a given family, our method employed ancestor reconstruction, reverse engineering the evolutionary process for a single protein template. No β-propeller sequences other than the chosen template were used at any step.
The output models showed significantly lower energy than the sequences corresponding to the blades of the template (1RWL), but the best-scoring solution had a ring of adjacent symmetryrelated arginine residues. Therefore, the second-ranked solution was selected, with histidine at this position in the sequence and an additional serine-to-asparagine mutation. The sixfold repeating amino acid code was back-translated into a degenerate nucleotide sequence that was synthesized and cloned for protein expression. From its shape, the six-bladed designer protein was named Pizza6.
Pizza6 protein expressed to very high levels (roughly 100 mg/mL) in Escherichia coli BL21(DE3) cells using pET vectors and was purified by a very simple procedure. The protein was shown to be monodisperse by size-exclusion chromatography (SEC), electrospray ionization mass spectrometry (ESI-MS), and analytical ultracentrifugation (AUC) ( Fig. 2 and Table 1 ). Crystals were obtained under a wide variety of conditions, mostly in fewer than 24 h. After optimization, X-ray data were collected to 1.33 Å resolution, and the structure was rapidly solved by molecular replacement using the predicted structure as the search model ( Fig. 3 ) (see Table S3 ). The backbone-rmsd of 0.68 Å between the final and expected structures validates our design strategy for a fully symmetrical protein made from a minimal, nonnatural domain.
Multimeric versions of Pizza6 were created by truncating the protein after two or three repeats. Both Pizza2 and Pizza3 express as monodisperse proteins with the same molecular weight in solution as Pizza6. Their crystal structures are essentially identical to that of Pizza6, demonstrating that propeller proteins could have evolved by gene duplication and fusion. A Pizza2 mutant, corresponding to the top-scoring design, was also created with two identical blades, each carrying two internal mutations, N16S and H31R. This Pizza2-SR protein also proved stable, despite carrying the ring of neighboring arginine residues. From the nonsymmetrical six-bladed 1RWL template protein (A), the sequences of each blade were aligned (B) and used for ancestral sequence reconstruction. For comparison, the final Pizza sequence is also shown on the bottom line of B. Blade 3 was identified as closest to the most probable ancestral sequence and was used for the generation of a sixfold symmetrical template protein using RosettaDock with C6 symmetry. From the scatter plot (C) of the docking scores versus the rmsds between the different solutions and the best scoring solution (D), it is clear that the higher the deviation from the six-bladed propeller fold the worse the docking score becomes. The ancestral sequences and three WT sequences were mapped onto the fully symmetrical template and scored using Rosetta (E). The green bars indicate the 1RWL sequence scores (blades 3, 4, and 5). The red bar indicates the top-scoring sequence (Pizza2-SR). The orange bar corresponds to the selected Pizza sequence, which is also depicted as a Cα trace in F, colored blue to red from the N to C terminus. The differences between the Pizza and the Pizza2-SR sequence are annotated in red in B and F. To investigate evolution by partial duplication and the selfassembling behavior of the Pizza proteins, we created a range of proteins carrying 4-10 copies of the Pizza blade. All of them seem to be folded and can be purified as monodisperse species, which were characterized using analytical gel filtration, AUC, dynamic light scattering (DLS), and ESI-MS ( Fig. 2 and Table  1 ). Pizza4 has a molecular weight that corresponds to a trimeric state in solution, consistent with two six-bladed structures linked by domain swapping. Pizza5, Pizza8, Pizza9, and Pizza10 form complexes with the mass of five, four, three, and five six-bladed units respectively, also indicating a strong preference for the six-bladed structure. Each complex has a size determined by the lowest common multiple (LCM) of six and the number of blades per polypeptide chain ( Fig. 2 and Table 1 ). Pizza7 is also a highly soluble protein, but gel filtration indicates the presence of two different complexes, with sizes corresponding to a hexamer, presumably composed of seven six-bladed units (referred to as Pizza7.1) and a 7-bladed monomer (referred to as Pizza7.2).
To analyze their stability, melting experiments were performed with each Pizza protein, as well as the original template protein, using a thermofluor-based assay (Fig. 4 and Fig. S3 ) (30) . Most of the Pizza proteins have a high melting temperature, close to 80°C, similar to the template protein, 1RWL. For proteins with fewer than six blades, no melting could be observed below 99°C (Fig. S3) . The monomeric fraction of Pizza7 (Pizza7.2), however, has a melting temperature of only 57°C. In an attempt to improve the purification of the Pizza7.1 multimer, the cell lysates were heated to 70°C in the hope of removing the unstable fraction, but this heat-treated Pizza7 protein (referred to as Pizza7H) then behaved only as a monomer. Pizza7H readily crystallizes, and X-ray analysis showed it to have the six-bladed structure of Pizza6 plus one disordered domain. Pizza7.2 is therefore unlikely to include a sixfold symmetrical structure despite being monomeric; it is not heat-stable and does not readily crystallize.
Circular dichroism (CD) indicates that Pizza7.2 is folded (Fig.  4) . Both light-scattering and analytical ultracentrifugation showed that it forms a compact monomer in solution, but different from Pizza7H. These results suggest that Pizza7.2 may adopt a strained sevenfold symmetrical form, analogous to evolution by partial duplication and fusion. This symmetry Fig. 2 . Purification and characterization of the Pizza proteins. Each protein was purified using sizeexclusion chromatography. The SEC chromatograms show that all of the Pizza proteins can be purified to homogeneity although, for Pizza8, Pizza9, and Pizza10, a second SEC run was required (indicated with an asterisk) (A). Pizza7 forms two monodisperse species, Pizza7.1 and Pizza7.2. SDS/PAGE confirms the identity and purity of the proteins (B). The calibrated SEC curve (black) fitted to four experimental points (shown as crosses) agrees well with the predicted size of each Pizza protein, assuming that these proteins form solution complexes assembled to give sixfold symmetric units (C). AUC sedimentation curves confirm that the molecular weights in solution of the complexes agree with the LCM prediction, with Pizza7 forming the largest complex (D). The same color coding for the Pizza proteins is used in B, C, and D. change implies considerable adaptability of the tertiary structure to accommodate the extra blade.
Discussion
To our knowledge, Pizza6 is the first successfully designed, completely symmetrical propeller protein. The theory that the β-propeller protein family originated from duplication and fusion of ancestral fragments suggests that this evolutionary process can be reverse-engineered, and Pizza6 recapitulates a possible intermediate structure, shared by Pizza2 and Pizza3, in the evolution of a natural propeller protein. These highly stable artificial proteins indicate that it is indeed possible that propeller proteins may have arisen from symmetric multimers. The Ralstonia solanacearum lectin is one example of a natural β-propeller assembly that consists of a trimeric two-bladed protein, also indicative of this process (31) . Although it is clear that duplication of an entire gene can lead to symmetrical structures with an even number of repeats, the origin of protein structures with odd symmetry is more obscure. Previous experiments have indicated that structural plasticity allows for duplication or loss of repeats by domain swapping to create oligomeric assemblies. For example, symfoil is an artificial protein with perfect internal threefold symmetry; when a polypeptide carrying 2 repeats instead of 3 repeats was expressed, it assembled into a trimer with two trefoil domains, each with threefold symmetry (2) . Similarly, tachylectin-2 is a protein with 5 repeats. Expressing two tandem copies of a designed tachylectin-2 domain led to a complex with 10 repeats in total (18) . This mechanism, however, does not explain the diversity of symmetry in the β-propeller family. Insertion or deletion of a single domain could have created odd-numbered symmetry from an evenly symmetrical precursor. At first, such a protein would be relatively unstable but would evolve by subsequent, less drastic changes into a stable form. This process is reflected by the creation of Pizza7.2 from Pizza6. Although Pizza7 predominantly folds as a hexameric complex, with a total number of 42 repeats (Pizza7.1), there is also a smaller fraction of the isolated protein that is monomeric (Pizza7.2). From the melting experiments and CD, it can be observed that this protein is folded, but it is less stable and no crystals have been obtained despite considerable effort. It is different from the heat-treated protein, Pizza7H, a six-bladed protein with one free domain. The data are therefore consistent with Pizza7.2 possessing a sevenfold symmetrical shape, with lower stability than the sixfold. We have previously demonstrated a similar change of rotational symmetry with the 11mer ring protein TRAP. TRAP is able to switch to 12-fold symmetry by simple tandem duplication of two, three, or four copies of the protein (32, 33) .
Not only do the crystal structures presented here support the possibility that ancestral β-propeller proteins were symmetrical multimers, they also validate our design strategy inspired by ancestral reconstruction. The prediction of probable ancestor sequences, and then selection of those most compatible with a perfectly symmetrical structure template, are two critical elements to our successful design. This strategy is very rapid, and the very first expression experiments yielded the desired protein. It may be extended to the design of perfectly symmetrical proteins generally. In the case of the Pizza proteins, the differences between the predicted and experimental structures are close to experimental error, and the sixfold structure is remarkably stable. Pizza2-SR was also crystallized, showing the fold is stable to considerable surface variation, including the uncompensated charges of six arginine side chains in contact. Arginine stacking is not unprecedented however (34) and, contrary to expectations, does not destabilize the protein.
The crystal structures of the Pizza proteins show that they are highly symmetric and assemble into a zig-zag pattern, which is found in all of the structures solved (Figs. S3 and S4) . Well-ordered crystals were obtained very rapidly in a wide variety of conditions tested. These structures show very similar crystal packing contacts (Fig. S5) , despite having very different cell dimensions. This packing suggests that the Pizza proteins may be suitable as crystallization tags for mono-, di-, and trimeric proteins and that their self-assembly properties may have other applications. All Pizza proteins self-assemble into complexes corresponding to the lowest common multiple (LCM) of the number of repeats and six. Other designed proteins with repeated domains [based on a trefoil architecture (2) or tachylectin-2 (18)] have been shown to dimerize to maintain either three-or fivefold rotational symmetry, but the Pizza proteins demonstrate a much larger range of multimeric forms generated by a simple arithmetical rule. This behavior may be facilitated by the Velcro strap, which is suitable for domain swapping. Our results show that the Pizza proteins' tendency to reassemble into a sixfold propeller can drive association of many protein chains. This strong preference for a particular symmetry can therefore be used to direct self-assembly according to simple rules and can be exploited for the rational design of novel protein building blocks for bionanotechnology, to develop "crysalin"-like materials or other shapes such as capsids (35) (36) (37) (38) (39) .
Conclusion
We have designed a novel, symmetrical protein to study the role of domain duplication in protein evolution. Starting from a natural nonsymmetrical template protein, our rapid computational procedure yielded on the first attempt a 42-residue repeat sequence capable of assembling into a sixfold symmetric propeller. Highresolution X-ray crystallographic analysis confirmed the expected structure, showing that evolution of modern natural propeller proteins may have occurred via such an intermediate. The patterns of interaction found in the crystal structures and solution suggest that our procedure may be generally useful for readily creating, from templates of different symmetry, self-assembling building blocks with a variety of applications in bionanotechnology.
Materials and Methods
Protein Design. The sensory domain of PkdN of M. tuberculosis (PDB ID code 1RWL) was chosen as a template due to its compact and symmetrical fold (27) . The model was divided into individual "blades" for sequence comparison, the sixth blade including the N-terminal sequence, which forms a "Velcro" strap. A phylogenetic tree derived from the blade sequences was used to predict possible ancestral blade sequences using FastML (28) . Blade number 6, which is the combination of the N-and C-terminal residues composing the Velcro strap, was used to root the tree and was excluded from ancestral reconstruction. For each of the four nodes in the tree (blades 1-5), 25 different putative ancestral sequences were determined. Comparison of these possible ancestral sequences with the 1RWL sequence revealed that the third blade (residues 107-148) was closest to the most likely ancestor and was used as the template to construct a hexameric protein with perfect C 6 symmetry using RosettaDock (29) . During a stochastic symmetrical docking process with C 6 symmetry constraints, 1,000 solutions were created. The bestscoring solution showed sixfold symmetrical β-propeller architecture. Using the Molecular Operating Environment (MOE) (Chemical Computing Group), this model was used to build a single polypeptide chain carrying six identical repeats. The different putative ancestral sequences were mapped onto this model, and their energies were calculated by using a program that calls the Rosetta protein modeling suite. This program takes an input list of sequences and a template protein structure. Each sequence is mapped onto the structure by mutating residues at all positions, and the all-atom protein model is then relaxed using the Fast Relax protocol before scoring with the standard all-atom score function (score12_full.wts). The program outputs a score and a model in PDB format for each sequence (Table S1 ).
The top 10 scoring solutions were graphically inspected, and a single manual intervention was made in the ranking, replacing the best-scoring solution that contained an arginine residue with the second-ranked solution that has a histidine at the corresponding position in each blade, and a serineto-asparagine mutation for improved hydrogen bonding. Finally, a circular permutation was made to introduce a Velcro strap, as commonly observed in β-propeller proteins. This protein shares 72% sequence identity with 1RWL, the original template.
Protein Expression and Purification. From the protein sequence, a DNA sequence was derived taking into account the codon preferences of E. coli. Silent restriction sites were introduced to allow the coding region for two or three central blades to be removed simply and to insert sequences in place of the first blade. The coding sequence for Pizza6 was inserted into pET28 vector (Genscript) using the NdeI and XhoI sites, such that the expressed protein carries an N-terminal histidine tag removable by thrombin. Simple PCR was used to introduce stop codons to create expression vectors for Pizza2 and Pizza5, as well as inserts carrying various numbers of repeats. This strategy allowed the rapid creation of vectors encoding 2-10 repeats on a single polypeptide. The same purification procedure was used in each case. The plasmid was transformed into E. coli BL21 (DE3) cells. Then, 1-L cultures were grown with shaking to a density of OD 600 0.7 at 37°C, when isopropyl β-D-1-thiogalactopyranoside (IPTG) was added to a final concentration of 1 mM and growth was continued at 20°C for 18 h. After harvesting by centrifugation, the bacterial pellets were dissolved in 10% (wt/vol) glycerol, 50 mM sodium phosphate (pH 8), 250 mM NaCl, 10 mM imidazole. After lysis of the cells on ice by sonication and incubation with 20 mg of lysozyme for 30 min, the lysate was centrifuged at 3,000 × g for 20 min. The supernatant was filtered and loaded onto an Ni-NTA column equilibrated with 50 mM sodium phosphate (pH 8), 250 mM NaCl, 10 mM imidazole. After washing with the same buffer, Pizza6 was eluted with 250 mM imidazole. The fractions containing the Pizza protein were dialyzed overnight into 50 mM sodium phosphate (pH 8), 250 mM NaCl, with 100 units of thrombin to remove the histidine tag. Subsequently, the protein was passed through the Ni-NTA column and concentrated to 1 mL. Gel-filtration was performed using a Superdex200 16/60 column equilibrated with 20 mM Hepes (pH 6.5), 100 mM NaCl. The main peaks were collected, dialyzed against 20 mM Hepes (pH 6.5) buffer and concentrated to 10 mg/mL. The Superdex column was standardized using the Bio-Rad "gel filtration standard 151-1901" protein marker. CD spectroscopy and dynamic light scattering indicated that each protein was folded and monodisperse.
Crystallization. All protein samples were subjected to crystal screening in sitting-drop 96-well plates using a Hydra-II robot and sparse matrix kits (Qiagen). The Pizza proteins crystallized rapidly under many conditions, frequently containing ammonium sulfate. Crystals for each protein construct were optimized by hand where required. Final crystallization conditions for each protein are given in Table S2 .
Crystallographic Analysis. Crystals were cryo-cooled using mother liquor plus 30% glycerol as cryo-protectant, except for Pizza7H, which grew in a cryoprotected mother liquor. Data were collected at beamline 17A of the Photon Factory, Tsukuba, Japan, using an ADSC Quantum CCD detector. The X-ray wavelength was 1.000 Å, and each image was collected from 1°oscillations. Data were processed with HKL2000 (40) . The computational models were used for molecular replacement using MOLREP (41) , followed by refinement with Refmac5 (42) and PHENIX (43) . Manual modifications to the model were carried out with COOT (44) . Data handling was carried out with the CCP4 suite (45) . An overview of data collection and refinement statistics is given in Table S3 . For the Ramachandran statistics of each structure, see Table S4 . Two separate structures were determined for Pizza2-SR. All structures were deposited in the PDB and assigned the following PDB ID codes: 3WW7 (Pizza2), 3WW8 (Pizza3), 3WW9 (Pizza6), 3WWA (Pizza7H), 3WWB (Pizza2-SR Form A), and 3WWF (Pizza2-SR Form B).
Dynamic Light Scattering. Dynamic light scattering (DLS) experiments were performed using a Malvern Instruments Nano-S on all proteins to determine the monodispersity after purification, concentration, and storage. The Pizza proteins (20 mM Hepes, pH 8) were analyzed at concentrations up to 5 mg/mL at 20°C, using the default protocol of the manufacturer's software. Three separate runs were averaged, each containing 20 runs of 10 s.
Circular Dichroism. Circular dichroism spectroscopy was performed using a Jasco J-720W instrument. The 400-μL samples of protein (0.5 mg/mL, in 20 mM Hepes, pH 8) were analyzed using a 1-mm cuvette at 20°C. The ellipticity was measured from 200 nm to 260 nm, and four runs were averaged. Analysis of the spectra was performed using K2D3 (46) . Analytical Ultracentrifugation. Sedimentation velocity experiments were carried out using an Optima XL-I analytical ultracentrifuge (Beckman-Coulter) using an An-50 Ti rotor. For sedimentation velocity experiments, cells with a standard Epon two-channel centerpiece and sapphire windows were used. Four hundred microliters of protein (1.0 mg/mL) and 420 μL of reference buffer (20 mM Hepes, pH 8, 100 mM NaCl) were used in each experiment. The rotor temperature was equilibrated at 20°C in the vacuum chamber for 2 h before starting each measurement. Absorbance (280 nm) scans were collected at 5-min intervals during sedimentation at 50,000 rpm (182,000 × g). The resulting scans were analyzed using the continuous distribution c(s) analysis module in the program SEDFIT (47) . Sedimentation coefficient increments of 200 were used in the appropriate range for each sample. The frictional coefficient was allowed to float during fitting. Partial specific volume of the proteins, solvent density, and solvent viscosity were calculated using the program SEDNTERP (48) .
Electrospray Ionization Mass Spectrometry. Samples for Nanoflow ESI were prepared by extensive dialysis against 20 mM ammonium acetate. The protein concentration was adjusted to 10 μM by dilution with 20 mM ammonium acetate. The mass spectra were obtained by Synapt G2 HDMS mass spectrometer (Waters) with a nanoESI source. The mass spectra were calibrated with (CsI) n Cs + ions from m/z 1,000 to m/z 10,000. MassLynx version 4.1 software (Waters) was used for data processing and peak integration. The temperature of the ion source was set to 70°C. An aliquot of 3 μL of the sample solution was placed in a nanospray tip (HUMANIX) and electrosprayed at 0.8-1.0 kV. Differential Scanning Fluorimetry. Differential scanning fluorimetry (DSF) was performed using a Roche LightCycler 480 to determine the stability of the protein using RT-PCR. Then, 15-μL samples of each Pizza protein (0.5 mg/mL, in 20 mM Hepes, pH 8) mixed with Sypro-orange (5×, final) (Sigma) were incubated at an increasing temperature from 25°C to 99°C with a temperature gradient of 3°C per min. The fluorescence was monitored using standard excitation/emission wavelengths, and the protein T m was determined using the manufacturer's software.
